Abstract-The possibility of using binders of the Next100 type alloyed with nickel and modified with WC, ZrO 2 , and hBN nanoparticles for fabricating a cutting tool based on superhard materials and intended for steel and cast iron machining is shown. It is established that alloying the binder with nickel makes it possible to increase its impact viscosity by a factor of 2.5 and substantially improve the resistance of tool segments during operation. An increase in binder strength by 100-150 MPa and hardness by 5-7 HRB is provided due to the introduction of WC, ZrO 2 , and hBN into it. The adhesion of cubic boron nitride to a binder increases in the presence of WC nanoparticles. The optimal ratio of diamond single crystals and cubic boron nitride in a working layer, at which maximal service characteristics of the tool are attained, is determined to be 75 : 25. The formation of nanoclusters of amorphous boron at the interface of cubic boron nitride and a binder and dissolution of a small amount of nitrogen in binder components during hot compaction are revealed.
INTRODUCTION
In some tasks on utilizing large metallic constructions, it is preliminarily necessary to cut them into fragments for further transportation. Traditionally, gas, electric-arc, or plasma cutting is applied for such works. The inconvenience of these methods is first and foremost associated with the necessity of the presence of an operator immediately in the zone of the high-temperature effect on the construction. An alternative demounting method of large steel constructions is cutting with a diamond tool-rope saws and cutting segment circles (CSC) [1] . Such class of tools is characterized by the assembling simplicity of the machine and tool, as well as by the possibility of the remote process control and automation. The structure and chemical composition of the cutting surface are not violated during cutting with the diamond tool.
When producing a cutting tool from superhard materials (SHMs), metallic binders are mainly applied [2] . They divide into galvanic and sintered (hot-compacted) according to the fabrication method. Diamonds in tools with binders deposited by galvanic methods are arranged in one layer [3] [4] [5] [6] , which is why such a tool demonstrates high productivity at the initial stage of operation, but rapidly losses cutting ability. The tool with a sintered (or hot-compacted) working layer is characterized by a higher operation prolongation and stable productivity throughout the cutting cycle under the condition of the synchronized binder wear and the exposure of new diamonds instead of destroyed diamond grains [7] [8] [9] .
To develop a high-quality tool for cutting steels and cast irons with a sintered binder, two problems should be solved, notably, binder hardness, strength, and impact viscosity should be increased [10] [11] [12] and the binder should be able to strongly hold grains of diamond or other types of SHM.
It was shown previously [13] [14] [15] [16] that strengthening the metal binders with nanoparticles is a promising direction in improving service characteristics (resource, holding diamonds) of the cutting tool with an insignificant variation in the composition and process flowsheet of production. Binder strengthening under nanomodification is explained by blocking the motion of single dislocations of powerful dislocation formations (grain and subgrain boundaries). Grain and subgrain boundaries blocked with dispersed particles themselves also serve as obstacles for the dislocation motion. A considerable effect of dispersed strengthening of binders based on nickel, iron, and copper is attained with the introduction of WC, ZrO 2 , and hBN nanoparticles [13, 17] . It is known that diamonds are subjected to graphitization during their interaction with metals of the iron group. However, diamond has a considerable advantage when compared with analogs in regards to static and dynamic strength [18] , so completely replacing it in the tool is undesirable [19, 20] . The partial substitution of diamond by cubic boron nitride (cBN), which possesses high thermal stability and is chemically inert with respect to materials of the iron group, is promising [21] .
APPLICATION OF POWDER MATERIALS AND FUNCTIONAL COATINGS
In this study, we attempted to simultaneously solve the following problems:
(i) increase the mechanical properties of the copper-based binder by alloying it with nickel to increase the impact viscosity, as well as WC, ZrO 2 , and hexagonal boron nitride hBN nanoparticles to increase the strength and hardness;
(ii) search for the optimal ratio of diamond and cubic boron nitride cBN in the tool for cutting steels and cast irons.
EXPERIMENTAL
We used powder of the Nex100 grade produced by Eurotungstene (France) with a composition of 50Cu-26Co-24Fe and average particle size of 5 μm and powder of carbonyl nickel of the PNK-UT3 grade produced OAO Kol'skaya GMK (Kola Mining Company, Russia) with a particle size of 10 μm as the initial components. The content of impurities in these powders did not exceed 1 wt %. The modifiers were WC nanopowder (OOO Plazmoterm, Russia) and ZrO 2 nanopowder (OAO Siberian Chemical Combine, Russia) with a dispersity of 20-40 and 20-100 nm, respectively, as well as the hBN powder (OAO Metsintez, Russia) with an average particle size of ~10 μm and a content of impurities of <2 wt %.
To fabricate beads for rope saws and segments for CSCs, we used powders of diamond of the SDB 1100 grade and cBN of the ABN 605 grade (Fig. 1) produced by Element Six (Luxemburg) with a coarseness of 40/50 mesh and static strength of 320 an 80 N, respectively. This grade of diamond powders is selected allowing for its high thermal stability (up to 1100°C) and ability to operate with a broad spectrum of materials. The cBN powder of the ABN 605 grade is applied to fabricate the metalworking tools first and foremost for galvanic metallic binders.
Mixing of the binder components, as well as the introduction of nanomodifiers, was performed in an MPP-1 planetary centrifugal mill (OOO TTD, Russia) according to the following mode: the revolution rate of spider and drums was 360 and 620 rpm, respectively; the ratio of weights of powder and milling bodies was 1 : 15, and the treatment duration was 3 min. In such conditions, the uniform distribution of components over the whole mixture bulk is attained.
Cold pressing (briquetting) of beads for rope saws and CSC segments was performed using KR-3 and RP-35 presses (Dr. Fritsch, Germany). Molds for bead billets and segments, as well as weights of billets, were selected allowing for geometric parameters of the tool.
The preliminarily briquetted billets were hotpressed using a DSP-475 installation (Dr. Fritsch, Germany) using graphite molds specifying the ready segment geometry. Hot pressing of the samples was performed using a maximal temperature of 850°C, maximal pressure of 35 MPa, and isothermal holding duration of 3 min.
The residual porosity of hot-pressed samples was determined by hydrostatic weighing using an analytical balance produced by A&D (Japan) accurate to 10 -4 g. The Rockwell hardness (HRB) was measured using a Rockwell 600-MRD hardness meter (Worpert Wilson Instruments, Germany). Three-point bending tests were performed using an LF-100 servohydraulic machine produced by Walter + bai (Switzerland) with an external digital controller (EDC). The ultimate bending strength (σ bend ) was established with the help of software, making it possible to automatically register and perform the statistic processing of testing results (DIONPro software).
The phase composition was determined by an X-ray structural analysis using a DRON-4-07 diffractometer in CoK α radiation in the Bragg-Brentano geometry.
The microstructure of binders, segments, and beads was investigated using an S-3400N scanning electron microscope (Hitachi, Japan) equipped with a NORAN X-ray energy dispersive spectrometer. The information on the phase composition or structural components was acquired by X-ray microanalysis under accelerating voltages of 5-20 kV.
The character of the binder interaction with SHM grains was investigated using an installation for local Raman spectroscopy with a microscopic attachment based on a TRIAX 552 spectrometer (Jobin Yvon, United States) and an CCD Spec-10 detector (2KBUV, 2048 × 512) (Princeton Instruments, United States) with notch filters to suppress the exciting laser lines.
The interaction of cBN grains with a binder and nanoparticles was studied using a PHI-680 Auger electron spectrometer (the Auger nano probe) produced by Physical Electronics (United States) under the following parameters: primary beam energy E = 1-10 keV, primary beam current j = 10 nA, primary beam diameter of 40 nm, and analysis depth t = 20 Å.
The optimal ratio of contents of diamond and cBN was selected according to the results of bead testing during steel cutting using an experimental setup (Fig. 2) . Its main units are two electric motors, one of which is motionlessly fastened on a frame. The revolution frequency of its output shaft is 250 rpm. The treated ware-a disc made of steel of Stal' 3 grade-is fastened to the output shaft of the first electric motor. The second electric motor is fastened to a mobile frame, and the revolution rate of its shaft is 60 rpm. A double-end bolt with a bead fastened on it is attached to this electric motor by a thread connection. The position of the second electric motor before the test begins is fixed with the help of a spring, due to which the double-end bolt with a bead is pressed to a disc. This installation is water-cooled with a maximal water consumption of 1 L/min. Each bead was tested for 90 min. When treating the steel disc with a bead, it is impossible to cut the disc through because of the small bead sizes; therefore, the weight loss of a disc rather than the treated surface area was accepted as the main parameter determining the productivity. Upon finishing the test time, the steel disc and bead were removed from the installation and weighed using a balance. The specific resource (R, g/g) and productivity (S, g/h) of beads were calculated by the results of weighing:
where M is the disc weight loss, g, and m is the bead weight loss, g; (2) where M is the disc weight loss for cutting time τ, g, and τ is the cutting time, h.
Upon finishing the tests, we also determined the number of safe, pulled out, and destroyed SHM grains in a bead-working layer.
To fabricate the CSC of 500 mm in diameter, segments 40 × 4.2 × 9 mm in size fabricated according to the above-described technology were soldered to a steel case using a CBM-200 installation produced by Dr. Fritsch. CSC tests were performed using an Almaz-3 bridge chopper with water cooling (10 L/min) (Fig. 3) . Castings of cast iron of the SCh20 grade were used as the treated material. The CSC revolution rate was 3000 rpm. Average segment heights were measured each 60 min during tests and the cut area made by the CSC was calculated.
The tool productivity was determined by the treated surface area (cm 2 ): where V is the cutting velocity, cm 2 /h, and τ is the cutting time, h.
RESULTS AND DISCUSSION

Selection of the Base Binder Composition
The Next100 standard binder with nickel was alloyed to increase impact viscosity. Nickel and Next100 powders have close dispersity; therefore, we attained their uniform distribution during mixing in the PCM and homogeneous structure after hot pressing.
To select the optimal composition of the base binder, we fabricated hot-pressed samples with a nickel content (X) from 15 to 75 wt % and determined their physicomechanical properties ( Table 1 ). The samples of the Next100 alloy possessed the maximal values of strength and hardness. The introduction of nickel led to a proportional decrease in these characteristics. Porosity of all samples after hot pressing varied in limits of 2.5-5.0%.
The introduction of nickel into the binder composition leads to an almost linear increase in impact viscosity. The variation in plasticity characteristics of considered hot-pressed alloys can be observed from a comparison of the magnitudes of the bending deflection (f) in deformation curves during bending (Fig. 4) . The destruction of the samples of compositions Next100 and Next100+15% Ni has a brittle character. Deformation curves of compositions with a nickel concentration of ≥25 wt % has segments characteristic of bending diagrams of plastically deforming materials, which evidences their high plasticity.
Starting from these results, the composition Next100-30% Ni (denoted as N'), which has an impact viscosity by a factor of 2.5 higher when compared with Next100 with a decrease in strength smaller than by 10%, was chosen as the base binder.
The investigation of the phase composition of the sample of hot-pressed binder N' showed the presence of two phases in it (Fig. 5 , Table 2 ). The first phase has a face-centered cubic lattice similar to copper and nickel. The constant of this lattice is 3.582 Å, which is smaller that that of copper (3.615 Å) but larger than that of nickel (3.524 Å). These elements are unlimitedly mutually dissolvable; therefore, we assumed that the found phase is a solid solution of copper in nickel-(Ni), formed due to the interdiffusion of components during hot pressing. The second phase has a bulk-centered cubic lattice with a period of 2.855 Å, which is much smaller than that of pure α-Fe (2.870 Å). Such a decrease in the lattice constant of α-Fe is characteristic of dissolution of cobalt in it [13] . Therefore, this phase is the solid solution of cobalt in iron-(Fe). The (Fe) phase is present in the Next100 initial powder [13] and remains in the samples after hot pressing. Structural investigations showed that the grains of the (Ni) phase are distributed uniformly in a matrix consisting of the (Fe) phase (Fig. 6) . The (Ni) grains inherit the shape and sizes of the initial particles of the nickel powder and are inhomogeneous by the chemical composition-their center is enriched with nickel, while the periphery part is enriched with copper (regions marked by a white hatch in Fig. 6 ).
Nanomodification of the N' Binder
Nanoparticles of ZrO 2 and hBN are chemically inert modifiers with respect to components of the Next100+30%Ni binder up to hot-pressing temperatures of segments and beads. Tungsten carbide does not interact with copper but can dissolve in cobalt, iron, and nickel at 850°C in low concentrations [22] . In order to optimize the concentrations of the introduced particles, we fabricated compact samples containing 1.7-6.8 wt % WC (1-4 vol %) and 0.32-2.56 wt % ZrO 2 (0.5-4 vol %). The positive effect of introducing hBN particles into the alloy was found at its considerably lower concentrations: 0.01-1.0 wt %.
Dependences of the ultimate bending strength on concentrations of nanomodifiers had an extremal character. The samples contained 5.1 wt % WC, 0.64 wt % ZrO 2 , and 0.1 wt % hBN had the best combination of physicomechanical properties (Table 3 , marked bold).
The authors of [13, 17] showed by the example of binders based on nickel, iron, and copper that the alloys are strengthened by WC and ZrO 2 particles according to the Orowan mechanism. Herewith, nanoparticles are arranged preferentially along grain boundaries, at triple joints, and turn out inside the grain body in some cases [22] .
One possible cause of the increase in the mechanical properties of the N' binder upon introducing hBN is a decrease in its grain size. According to [13] , hBN particles substantially mill during the PCM treatment and acquire a scaled shape with scales less than 100 nm in length and of about 10 nm in thickness. They partially block the surface of Next100 and Ni particles, as well as prevent the motion of large-angle boundaries during hot pressing and promote intergrain sliding [23] .
Based on the results of testing physicomechanical properties, we can also conclude that the preliminary mechanical activation (MA) of the powder mixture in the PCM (sample ) more weakly affects the 
Determination of the Optimal Ratio of Diamond and cBN in the Tool
To determine the optimal ratio between diamond and cBN in the working tool layer, we fabricated and tested a pilot party of beads. The N' base composition, into which SHMs were introduced in the following "diamond + cBN" ratios, wt %: 100 + 0, 75 + 25, 50 + 50, and 25 + 75, was used as a binder. The results of tests are presented in Fig. 7 .
The beads, in which cBN grains substitute diamond by 25%, possessed the maximal productivity up to the instant of the complete loss of cutting properties. The productivity increment was 20% when compared with the beads containing only diamond in this case. The further increase in the cBN content worsens the operational characteristics.
The dependence of the specific resource on the cBN content in the working layer in general repeats the dependence of productivity. This is associated with the fact that the wear of beads did not exceed the height of one SHM grain, being of about 300 μm. Consequently, the weight loss of all variants of beads during the tests almost coincided.
Such a character of the dependence of the cutting productivity on the cBN content is associated with the peculiarities of the wear of diamond and cBN grains and their fastening in a binder. The diamond powder that we used has a regular cubic octahedral shape and is held worse with a binder due to mechanical anchoring, in contrast with cBN grains having a complex shape and numerous cleavages on faces (Fig. 1) . Figure 8a shows a photograph of a bead with ratio diamond/cBN = 75/25 after steel cutting tests. It is seen that cBN is retained in a working layer, while craters are revealed in place of diamond grains, the surface of which repeats their cubic octahedral facing (Fig. 8b) . The amount of traces from SHM falling-out decreases.
However, the complete replacement of diamond by cBN in the tool intended for steel and cast iron machining is unreasonable. The cBN grains were destroyed because of low strength due to numerous cleavages during contact with the machined material, while the diamond particles retained integrity longer (Figs. 8c, 8d) . Diamond, in addition to its main task (cutting), accepts a larger part of the load received by the SHM during tool operation and thereby provides a higher operability of cBN. 
Investigation into the Interaction of cBN with a Binder
The interaction of diamond with elements entering the composition of known binders for the cutting tool is studied rather well [24, 25] . Contact with elements such as iron, chromium, nickel, and cobalt during hot pressing leads to the partial degradation of the diamond surface because of graphitization. It is known that cBN is chemically inert with respect to most elements of binders. Nevertheless, fastening the cBN grains in a binder occurs not only due to mechanical anchoring, but also due to the chemical interaction with certain binder components. To investigate the processes occurring at the cBN-binder interface, we recorded the Raman spectra from the surface of cBN grains on breaks of hot-pressed beads. In addition, the spectrum of the center of the brittle destroyed grain was recorded for comparison (Fig. 9) . The N' base binder has high adhesion to cBN grains; therefore, cracks pass not only along the grain boundary with a binder, but also through the cBN grains during bead destruction.
Investigations into cBN grains showed their chemical inhomogeneity depending on their remoteness from the interface with a binder. Two clear peaks at 1050 and 1305 cm -1 , which correspond to pure cBN, are present in the spectrum recorded from the center of the brittle destructed grain. Lines that could be referred to borides or nitrides because of the interaction of the SHM with a binder are absent. In addition, no transition from the cubic modification into the hexagonal one occurs in the center of the cBN grain after hot pressing, judging by the recorded spectrum.
To analyze the cBN segment at the interface with a binder, we selected the understroyed gain at the bead break. The peaks at 1050 and 1305 cm -1 are also present in the spectrum recorded from this region, but they are wider. This fact can be associated with an increased imperfection of the cBN crystal [26] .
The presence of broad peaks in a region of small wavenumbers k (350 and 770 cm -1 ) evidences that the chemical composition of the cBN grain is not stoichiometric and these regions are enriched with boron [27, 28] . The origin of these peaks is associated with the destruction of short and medium bonds in boron nanoclusters or with the partial amorphization of cBN, because they are usually met in the spectra of amorphous boron [27] . The presence of separate boron nanoclusters on the surface of cBN grains is evidenced by a small peak at k = 1020 cm -1 . This peak reflects the B-B bond in polycrystalline boron-based materials [29] . Thus, we can assume that free boron is formed on the surface of cBN grains due to their chemical interaction with the metallic binder (upon dissolving nitrogen in it).
The investigation into surface layers of cBN grains and their interaction with a binder was also performed by the Auger spectroscopy method because it allows us to acquire information on the state of a thin (up to 2 nm) surface layer. The analysis of the surface segment arranged at the cBN-binder interface showed that the SHM grain is coated almost completely with a thin layer of metals entering the binder composition (region 1 in Fig. 10 ). Not only the lines corresponding to a binder, but also the lines of B and N are present in the spectrum, which evidences the formation of a very thin layer of binder components (1-2 nm) on the face of the cBN crystal or on its discontinuity.
To investigate the influence of nanoparticles on the interaction of cBN grains with a binder, we fabricated the beads with binders N'-5.1 wt % WC, N'-0.64 wt % ZrO 2 , and N'-0.1 wt % hBN according to similar modes. The cBN/binder interfaces were investigated using the breaks of these beads. The influence of nanomodifiers on the interaction of cBN with a binder is found only when introducing WC. Figure 11 shows the distribution maps of elements from the surface of the cBN grain on the segment break. The binder layer is thicker on certain segments of the cBN crystal (Fig. 11a, light gray regions) . The data on the chemical composition of these regions acquired by energy dispersive spectroscopy point to an increased iron and tungsten content. Consequently, the crack passed along the binder rather than along cBNnanoparticle or nanoparticle-binder interfaces, which evidences an increase in adhesion in the presence of WC. This is probably associated with the fact that WC nanoparticles chemically interact with a binder and cBN grain, forming an intermediate adhesion layer. On one hand, they partially dissolve in binder components during hot pressing (up to 5 wt % in Co and Fe and up to 7 wt % in Ni) [30] . On the other hand, metallic tungsten contained in nanoparticles as an impurity interacts with boron nanoclusters on the surface of cBN grains with the formation of tungsten borides, which is possible at 850°C [31] . Figure 12 shows the results of tests of experimental CSCs 500 mm in diameter with binders Next100 and Next100-30% Ni (N'), including those modified with WC, ZrO 2 , and hBN nanoparticles. The total SHM concentration in the tools was 20 vol %, and the diamond-to-cBN ratio was 3 : 1. To compare their operational characteristics with the known world analogs, we tested the Boomrad CSC (France) of the same diameter in the same conditions. The CSC with the Next100 binder possessed a smaller productivity and cutting rate among the tested tool samples. Its segments were most brittle and partially cleaved during cutting, which is associated with a low impact viscosity of the Next100 alloy. Alloying this alloy with nickel makes it possible to increase the binder plasticity and avoid the rapid destruction of segments. The introduction of nanomodifiers additionally increases tool productivity. Zirconium oxide is a chemically inert additive both to a binder and to SHM grains. Therefore, these nanoparticles affect the service-tool characteristics only by increasing the mechanical properties of a binder due to an increase its plastic deformation resistance in the regions surrounding the SHM grains. This leads to the more reliable holding of diamond or cBN in a working layer and, consequently, conservation of cutting properties.
CSC Tests on Cutting Steel and Cast Iron
When introducing WC nanoparticles, the dispersed strengthening mechanism of a binder is also implemented. In addition, it was shown above (Fig. 11) that, due to the chemical interaction with components of a base binder and cBN grains, WC nanoparticles promote stronger holding the SHM in a working layer. This becomes extremely important if the tool does not operate in the self-sharpening mode.
The CSC with a binder modified with hBN nanoparticles possessed the best operational properties. This may be conditioned by a series of reasons and is associated with the structural features of hBN and its properties as a dry lubricant. Due to the introduction of hBN, a binder at the interface with SHM grains is worn to a smaller extent and binder seizure with the treated material in a contact zone at high temperatures is prevented. The hBN particles can coat part of the surface of diamonds, preventing them from contact with metals-catalysts of the transition into a hexagonal modification (iron, cobalt, and nickel) and, thus, from graphitization during hot pressing.
The CSC of the Boomrad grade possessed the lowest productivity among tested tools. The investigation into the surface of its working layer after the test showed numerous traces from knocked-out diamonds in a working layer, which evidences a weak holding ability of its binder. CONCLUSIONS (i) Alloying of standard Next100 binders with nickel makes it possible to increase their impact viscosity by a factor of 2.5 with the conservation of strength and hardness, due to which the resistance of CSC segments during treatment of steel and cast iron increases.
(ii) Modification of the Next100-30% Ni binder with WC, ZrO 2 , and hBN nanoparticles leads to an increase in its strength by 100-150 MPa and hardness by 5-7 HRB. The samples of cutting tools with such binders demonstrated the best combination of productivity and cutting rate when machining SCh20 gray cast iron.
(iii) The replacement of 25% diamond by cBN in a working layer of the cutting tool makes it possible to increase its productivity due to the more reliable mechanical holding of single crystals of this SHM type by a binder.
(iv) The formation of nanoclusters of amorphous boron at the cBN/binder interface and the dissolution of a small amount of nitrogen in binder components during hot pressing are established. The Next100-30% Ni binder has good adhesion strength with respect to cBN grains. Adhesion increases in the presence of WC nanoparticles in a binder. 
